Abstract. We present experimental data and a model for the low-velocity (subsonic, 0-1000 m/s) penetration of brittle materials by both solid and hollow (i.e., coring) penetrators. The experiments show that penetration is proportional to momenmm/•ontal area of the penetrator. Because of the buildup of a cap in •ont of blunt penetrators, the presence or absence of a streamlined or sharp •ont end usually has a negligible effect for impact into targets with strength. The model accurately predicts the dependence of penetration depth on the various parameters of the target-penetrator system, as well as the qualitative condition of the target material ingested by a corer. In particular, penetration depth is approximately inversely proportional to the static bearing strength of the target. The bulk density of the target material has only a small effect on penetration, whereas friction can be significant, especially at higher impact velocities, for consolidated materials. This trend is reversed for impacts into unconsolidated materials. The present results suggest that the depth of penetration is a good measure of the strength, but not the density, of a consolidated target. Both experiments and model results show that, if passage through the mouth of a coring penetrator requires initially porous target material to be compressed to <26% porosity, the smnple collected by the corer will be highly •agmented. If the final porosity remains above 26%, then most materials, except cohesionless materials, such as dry sand, will be collected as a compressed slug of material.
Introduction
Ballistically emplaced penetrators have been proposed as an efficient and inexpensive way to place instruments at the surfaces of a wide range of solar system bodies. This technique can be extended to obtaining samples of surficial materials by the use of hollow penetrators that are subsequently extracted. A good deal of both experimental and theoretical study has been directed toward the problem of projectile penetration into consolidated and unconsolidated geologic materials [Wang, 1971; Young, 1969; Murff and Coyle, 1973; Forrestal et al., 1994; Forrestal and Luk, 1992; Allen et al., 1957] . However, these studies are not sufficiently general to be applicable to both solid and hollow penetrators. We present a new experimental data set for penetration, predominantly by hollow penetrators, but also including solid penetrators. We then present a model for penetration by any type of penetrator by considering hollow penetrators and treating solid penetrators as a special case in which the depth of the hole in the hollow penetrator is zero. The experimental data are used to test the model and to constrain poorly known parameters.
• Both the inside and outside of the leading edge of the coring cylinder were beveled at an angle of 45 ø from the cylinder axis to form a cutting edge. While most of the type 2 penetrators had coring cylinders with constant inner diameters ( Figure  4b ), those used in two experiments had a lip at the leading edge (Figure 4c ), restricting the entrance to an inner diameter of 11.7 mm, while the inner diameter past the lip was 12.7 mm. This allowed the effects of friction and mechanical disruption of the material entering the corer to be studied. In one case, the coring cylinder was actually made of two concentric C300 cylinders separated by a Teflon spacer (Figure 4d ). The polycarbonate sabot was designed to remain attached to the coring cylinder during the penetration process. Type 2 penetrator masses ranged from 50 g to 130 g. In conjunction with the type 2 experiments, static penetration tests were performed in which the resistance to penetration was measured as a function of depth of penetration. A 10-ton hydraulic press (Enerpac model 65442) was used to apply a load to a coring cylinder, forcing it into the target ma- stopped, and the static force supported by the target at that penetration depth (resulting from friction and the material strength of the target) was determined from the indicated ram oil pressure and the diameter of the ram piston. Type 3 experiments used solid cylindrical penetrators fabricated from cold-rolled steel ("CRS") or Vascomax C-250 hardened steel ("C250"). The penetrators ( Figure 5 ) were 12.7 mm in diameter with a total length of 22 cm. The forward end of each penetrator was tapered in a cone with a 15 ø half-angle. Two polycarbonate sabots, 40 mm in diameter, were attached to each penetrator by engaging screw threads that had been cut into the front-most and rear-most portions of the penetrators. The forward sabot was weakened so that it would break away from the penetrator upon impact with the target. These penetrators were launched by a compressed-gas gun at velocities in the range 60-110 m/s. Targets were composed of a perlite-plaster mixture, Dover Chalk, or Bedford limestone, and embedded in Portland cement. The impact velocity was determined in the same way as for type 2 experiments. where Ax is the frontal area of the penetrator and As is the side surface area in contact with the target material (both inside and outside hollow cylinders). Table 2 and Figure 6 give the experimental results. Because penetration into a half-space requires failure of the target material, we can, as a crude approximation, treat the failed target material as a fluid. Consideration of the forces acting on a body moving through a fluid suggests that the best predictor for depth of penetration into a given material with known mechanical properties is the quantity muo/Ax, where m is the mass of the penetrator, u0 is the impact velocity, and Ax is the projected frontal area of the penetrator (taken in the present case to be the projected frontal area without the sabot). As can be seen from Figure 6 , the depth of penetration for each target material is indeed correlated with this quantity. should be noted that in high-velocity experiments involving chalk targets, the projectile also penetrated the cement in which the chalk was mounted, so those experiments are more complicated than simple penetration of a uniform target.
Experimental Results

Theoretical Penetration Model
No previous work has been directed toward models that are generally applicable to both solid and hollow penetrators. Since a solid penetrator can be considered as the special case of a hollow penetrator with a hole of zero depth, we wish to develop the model for a hollow penetrator, which will then be applicable to both situations. The model should predict penetration depth for a given combination of penetrator and target characteristics. Such a model can be used to optimize penetrator designs and analyze penetration data for information about target properties.
Equations of Motion
Although the physical principles are generally applicable, we restrict our efforts to modeling impacts at sufficiently low velocities that penetrator deformation is negligible (<1000 m/s). While the behavior of the penetrator and target as penetration progresses is of primary concern, the transient phenomena occurring at the time of initial contact have important consequences for subsequent behavior. The initial impact generates a shock wave which propagates into both the penetrator and the target. We assume that target failure is a requisite condition for penetration. Thus the shock wave in the target material is a plastic deformation wave. However, since we restrict the model to negligible penetrator deformation, the shock wave in the penetrator is actually a finite amplitude longitudinal elastic wave. The conditions in the shocked target and penetrator materials are governed by the conservation of mass, momentum, and energy and by the requirement that pressure and particle velocity be continuous across the penetrator-target interface. Usually, the velocity Us of a planar shock wave is expressed as a linear function of the particle velocity up induced by passage of the shock wave, i.e., u=c0 +%, The motion of the penetrator after contact with the target is described by Newton's second law: dp =-lZ 
where u is the velocity of the penetrator and p00 is the bulk density of the target material. There is no shock pressure term because the release wave reflected from the rear of the penetrator propagates well ahead of the penetrator. Since we assume that the target material fails mechanically during the penetration process, the quantity oa is the stress supported by the target at incipient failure. Because in practice, material is forced to the sides as well as forward from the penetrator, the value of oa should not be sensitive to 0. The strength may also be strain-rate dependent. We will return to the issue of the target material strength in the next section. The deceleration rate in (10) is found by substituting for F the expressions in (11) and ( 
where • is the argument of the inner integral over time. Determination of the amount of penetrator surface area in contact with the target material (i.e., s•) requires some care. Target material in the path of the penetrator will be forced to the side (either outward away from the penetrator or in toward the axis of the penetrator). The speed of this deflected material is reduced from the free-field flow speed by the factor p0dpz, where pz is the bulk density of the compressed target material. We will assume that the deflected flow is parallel to the penetrator surface at the deflection point. Under this condition, the flow velocity perpendicular to the axis of the penetrator is (90dpDucosO. In order for a particle in the de- 
If the rebound velocity u,• results from conversion of internal strain energy of compression in the target to kinetic energy, then u• -• [(Pa + •a)(Poo-' -O•-')] '/2 (17)
For the value of pL, we assume the density of the target material at which the particles become close-packed, or "locked". If the initial density p00 < 0.74p0, i.e., the density of closepacked spheres, then we assume that pL = 0.74p0. Otherwise, pr = p00. This suggests a qualitative difference between impacts into dense, low-porosity targets and those with high porosities. If the target material is dense and incompressible, it fails by brittle fracture and, at least near the target surface, spalied material is not able to exert a restoring force and permanently loses contact with the corer.
The assumption that compaction does not proceed past 0.74p0 has an interesting consequence for the final condition of a core sample. Let us assume that the front of a corer has a beveled edge, so that material on one side of the bevel is directed toward the centerline of the corer, while material on the other side is directed outward. We assume that all of the material directed inward will be "ingested" by the penetrator and become part of the core sample. In the process of being ingested, that material must be compressed enough to pass through the most restricted part of the entrance to the sample cavity. If the compression (taken to be the ratio of the area circumscribed by the beveled cutting edge to the crosssectional area of the most restricted part of the opening) is such that the density of the target material would exceed 0.74p0, then the material must be extruded into the cavity. For a brittle material, this requires shear failure, resulting in a fragmented sample. If; however, the compression would not cause the density to exceed 0.74p0, then the sample will probably be collected as a nearly coherent cylinder of material held tightly in place by the friction forces due to Or.
The time-varying quantities in (15) (i.e., m, u, Pal, and s,,,) depend on time only via their dependence on x or u, so that we can differentiate them with respect to t to arbitrarily large order. We could thus, in principle, take arbitrarily large time steps while calculating the progress of the penetration process. However, complications arising from the rapid increase in mass as a corer is filled and from variations in the crosssectional area of the penetrator at different points along its length, as well as the effect of velocity on wetting of some surfaces, make this impractical. Because the equations for F, and Ft become cumbersome as higher order time derivatives of u and x are taken, we usually take the derivatives only to second order in t for numerical solution of (15).
Effective Bearing Strength Vd
The quantity Vd is taken to be the maximum normal stress on the surface of a half-space that can be supported without the material failing in compression. The penetrator velocities being considered in this study are low enough that the dynamic pressure Pd is usually less than •d (1-10 MPa for Pd The second situation is the case of a hollow penetrator being completely filled. When target material extruding into the interior of the penetrator completely fills the internal cavity, a compressional wave propagates forward from the rear surface of the cavity, compacting the target material to its locked density. The mass of material so compacted, which increases with time until the wave reaches the front of the penetrator, is accelerated to the speed of the penetrator. The speed of the greater than a critical stress K•c, but the propagation speed of wave is controlled by the speed of the penetrator and the rea crack tip is limited by the elastic wave speed of the material quirement for conservation of mass. In the special case of the material inside the penetrator already being at or above its locked density, the speed of the wave is assumed to be the compressional elastic wave speed of the material. In addition to the penetrator gaining mass, as the material inside it is compacted, the front of the penetrator effectively changes shape, building up a conical cap as described above, once the contained material is fully compacted.
Lateral Forces
The present model explicitly assumes that the penetrator is at least bilaterally symmetrical across two mirror planes parallel to the direction of travel and that the impact is normal to the target surface, so that there are no net torques applied by lateral forces acting on the front of the penetrator. Such restrictire conditions are seldom met in practice. We performed three coting impact experiments (PC5-3-SS, T-2-V, and T-3-V) with nonnormal geometry to investigate the consequences of impact angle on the penetration process. The largest deviation from normal was 40 ø for impact into tuff. The total deflection of the penetrator was 7 ø, so that the final orientation of the coring tube was 47 ø from normal, while the mean penetration depth in the direction of travel was indistinguishable from that expected for a normal impact. The problem of solid penetrators impacting unconsolidated targets was studied by Suzuki et al. [1994] , who found that the greatest deflection occurs while part of the penetmtor remains outside the target. Their work suggests a larger deflection for solid pene- A more serious problem is impact in which the penetmtor axis is not parallel to the velocity vector. Unfortunately, this situation is more difficult to arrange under controlled experimental conditions. Numerical models for solid penetrators [Suzuki et al., 1994] Of the various parameters in our model, the only ones that are not well known a priori are u½ and n in (18). The value of c•0 for each material is available from the quasi-static penetration experiments (being the intercept of the force/area versus depth curves). We also choose to use the value of txl obtained from the static penetration experiments (Figure 3) , even though the dynamic value will differ somewhat from the measured (static) value. We also assumed that all penetrator materials have the same value of gr with a given target material. Table 3 gives the values of the various parameters used in this study. We assumed that the inner surfaces of the "lipped" corers (experiments T-4-V and T-6-V), were not wetted. Table 3 ). Both solid and coting penetrators are included in the figure, showing that our model successfully describes penetration by both types ofpenetrators. We assume n = 1/3 for all target materials except for extremely porous materials, such as the perlite-plaster mixture, n • 0. The n = 0 assumption follows from the very small amount of crack growth required to connect voids. Thus the primary source of strength for these materials is sliding friction of collapsed void faces, which is rate-independent. Because of the lack of sufficient material property measurements and limited penetration data, the re- the dynamic pressure, the very weak dependence of penetration depth on density shows that the dynamic pressure is not the primary source of the dece!eration force for materials exhibiting strength. The increase in penetration depth with increasing density over some ranges of conditions, resulting in maxima in the curves, is a consequence of two separate but related effects. The discontinuities in two curves in Figure 9b are the consequence of the initial target density increasing to the point that the target material is initially at or above its locked density. This results in macroscopic fracturing and mitigates friction as an important factor in the deceleration process, since there is no rebound. The effect is noticeable only at the higher strength because oa is the only normal stress acting against the side of the penetrator (where Pa vanishes). The slow rise at lower values of p00 is the result of the rebound velocity given in (17) being insufficient at early times in the penetration to cause contact of the target material with the penetmtor. We can see in Figure 10 that the penetration depth at any given velocity is almost inversely proportional to o0, ranfirming the dominance of material strength in controlling the penetration process for competent targets. The curvature in the penetration curves is the result of variation in the amount of area upon which friction is operating, caused by differences in penetmtor depth. However, Figure 
Summary
The present model takes into account the key physical phenomena operating during impact of both hollow and solid penetrators. It accurately predicts the dependence of penetration depth on the various parameters of the target-penetrator system, as well as the qualitative condition of target material ingested by a corer. If passage through the mouth of a corer requires that the brittle target material be compressed to <26% porosity, we predict that the sample collected by the corer will be fragmented. If the porosity remains above 26%, then all but cohesionless mateddais, such as dry sand, will be collected as a compressed slug of material.
The most important parameter affecting the penetration depth for targets with finite strength is the strength of the target material. The experiments showed that the penetration depth is proportional to the ratio of momenttun to frontal area of the penetrator. The inverse of the proportionaliF constant has units of shock impedance and shows that strong materials are more resistant to penetration. The effective target strength, which is typically considerably higher than the uniaxial compressive strength of the target material, can be described by a dynamic version of the Ashby and $ammis [1990] damage mechanics model. The model successfully predicts the observed behavior of rocks, in which strength is relatively constant below some critical strain rate and dependent on the strain rate above that critical strain rate. We find that strength is the most important factor controlling penetration, although friction can be significant at high impact velocities. The calculations show that bulk density of the target material has only a second order effect. The present results suggest that the depth of penetration is a good measure of the strength of a target, but will not provide explicit information on target density.
